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Ideally the TE has a square-law response with E = kin (n = 2 and k constant for small changes in I). However, the value. of n deviates from 2 as the heater current is increased and is usually in the range of 1.7 to 1.9 at the rated current of the TE. Values of n must be determined at several levels by applying known voltage changes AVIV to the TVC and observing the output E and changes in output AE. The equation is very much like (1) above:
AV/V= AE/nE (2) or AE/E AV/V
AC voltage measurements, as described above, usually require the application of a correction (6) for the ac-dc difference of the TVC. Such corrections are needed due to inductance in the ranging resistors and range selecting switches and U.S. Government work not protected by U.S. copyright [2] and elsewhere which have certain advantages over other methods for making these measurements. The system described here is built around a new automatic comparator which utilizes a digital millivoltmeter to measure TVC outputs EMF and a digital linear amplifier (DLA) to measure imbalance EMF's as small as 10 nV. Both instruments have BCD outputs. The system is interfaced with a minicomputer by a Modular Interactive Data Acquisition System (MIDAS) which was developed at NBS [3] . Similar programming for another interface scheme, such as the IEEE 488 standard bus for instrument control [4] , should present no particular problem. Fig. I is a photograph of the console showing the comparator, on the right table top, connected to two TVC's. Equipment in the rack are, from top to bottom, the MIDAS interface, a panel containing the millivoltmeter and certain relays, the DLA and the ac-dc switching circuits. Not shown in the photograph are the power supplies, a cathode ray computer terminal (CRT), and a teletype (TTY) for printing test results.
TE COMPARATOR PRINCIPLE
The automatic comparator is similar to the NBS manual model described in reference [2] . Both comparators consist essentially of a 1000-Q divider and a Lindeck potentiometer. In the manual comparator (Fig. 2) , the higher EMF is con- nected to the two-dial Kelvin-Varley divider through the EH input and the lower through EL. The potentiometer may be connected to either input by switch S, and both EMF's are measured by adjusting the potentiometer for a zero reading on the microvoltmeter (,V * m) with key k1 closed. The potentiometer is then connected to the test TVC output, which may be either lower or higher than the standard output. The divider is adjusted to balance the lower EMF, as indicated by a zero reading on the uV -m with key k2 closed. Then, as ac and dc voltages are applied to the TVC's and adjusted for equal output from the test instrument (zero reading on the uV -m with k1 closed), imbalance voltages in the low EMF circuit are measured by the uV -m, and
Ea and Ed are the readings on the ,uV -m obtained with ac voltage and the average of the readings with two polarities of dc voltage, EL is the lower EMF, and n, is the n characteristic of the standard TVC at its output EMF. Switch S has two additional poles which reverse the connection to the AV -m.
This is necessary to maintain a consistent sign convention for the EMF difference Ed -Ea [2] . Imbalance voltages in the divider circuit (key k2 closed) are not affected appreciably by changes or fluctuation in the input voltage to the TVC's. Such changes will produce nearly equal proportional changes in the two EMF's, and the divider balance is affected only slightly. This stabilizing effect accounts for the two advantages of the comparator: The input voltage instability is less troublesome, and the requirement that the voltages be adjusted for equal output from the test TVC is less severe. If the response characteristics of the TE's in the TVC's are identical, or nearly so, equal output from the test converter may not be necessary. Most elements are similar enough to give the comparator a considerable advantage. However, if both the reverse dc difference and the n characteristic differ at the same time, as they often do, a significant error in the ac-dc difference determination can be expected unless the voltages are adjusted for equal output from the test TVC.
AUTOMATIC COMPARATOR The divider in the automatic comparator is connected to either input, TEST or STD, by switch S (Fig. 2) , which is turned by a 300 stepping motor, SMI. A 3'/2 digit millivoltmeter (mV -m) is connected across the divider by closing the 2-pole relay kI, and it measured the standard TVC output E, (4) (nsEL) is computed using the lower EMF, and nS is computed from a equation which relates the values of n, to the output of the standard TVC. The divider is then connected to the higher EMF. The position of switch S is determined by the MIDAS which detects a ground in the ""A" position of the switch. In this way, the EMF's Es and E, are distinguished from one another, and the sign of the EMF difference Ed -Ea (4) is also determined. The 1 5-mV potentiometer is used only to monitor the output of the test TVC, and it is therefore permanently connected to the TEST input, as shown in heavy lines in Fig. 3 . The potentiometer current is supplied by a mercury battery and adjusted by a ten-turn helical 3-terminal resistor for a near balance with one direction of dc voltage applied to the TVC's. The control resistor is driven by stepping motor SM3 ( Fig. 3) (Fig. 2) is used in the manual comparator to provide sufficient fine adjustment to be compatible with the narrow range and linearity limitations of the microvoltmeters or galvanometers used with that system. The wider (40-,V) range of the DLA permits the use of a single ten-turn resistor as a divider in the automated system. The resistor must of course have a low-thermal low-noise moving contact. However, as no movements are made during the actual measurements, the resistors currently available have been adequate. The divider is balanced by stepping motor SM2 in procedures similar to the one used with the potentiometer. The required steps for a near null are computed from imbalance voltages measured by the mV -m with relay k3 closed.
When the imbalance voltage is sufficiently small, the DLA is connected into the divider circuit by relay k4, and additional adjustment are computed from its measurements of the residual imbalance voltage.
VOLTAGE SWITCHING AND CONTROL AC and DC supply voltages are connected to the TVC's by the circuit shown in Fig. 4 . Up to 100 V are supplied by the AC-L terminal by a programmable ac calibrator, and a companion high-voltage amplifier provides voltage at AC-H from 100 to 1000 V. The input to be used is selected manually by switch S,. The TVC's are connected to the AC-DC 2 terminal, where the circuit can be opened by switch S2, and a resistance of 1000 or 2000 Q can also be added to the circuit. The resistance permits the power supplies to run in the range of 10 to 40 V where they are more stable and controlled more readily, while supplying less than 10 V to the TVC's. The terminals DC-Std, AC, and AC-DC 1 are used for voltage measurements with one TVC. Relay k, reverses the dc voltage to the TVC's, and k2 connects them to ac or dc voltage. These relays are shown in the unenergized position with dc voltage applied to the TVC's. The relays are activated by 26-V dc which is connected to the relay coils by programmable switches in the MIDAS controller.
The power supplys are remotely programmed and turned on in response to the test voltage and the frequency (in kHz) which are entered at the CRT along with other test conditions. The alpha-numeric "string" codes which activate the power supplies are either stored in the computer or computed by it. Zeroes are added to the value of test voltage to extend it to seven digits for the dc supply which is a seven-dial calibrator and to five digits for the five-dial ac calibrator. Both calibrators have several ranges but only the 10-, 100-, and 1000-V ranges are used. The codes for range selection are found by executing three Basic language statements which relate the code to the desired voltage range.
The ac calibrator supplies frequencies from 10 Hz to 100 kHz in four decade ranges with eleven settings (0 to 10) in each range. Thus there are 44 discrete frequencies available, and each one is designated by a two-digit code. The code numbers are computed from one of four equations which is selected according to the required frequency range.
When the "round number" ac and dc voltages are applied to the TVC's, both voltages usually require small adjustments to make the test TVC's output equal to the potentiometer EMF. The potentiometer setting is established as outlined previously, using one direction of dc voltage as input to the TVC's. The test TVC often has a significant reverse-dc difference which then requires readjustment. The ac voltage may need adjustment because of the ac-dc difference and also because the ac supply voltage may not be equal to the voltage at the TVC terminals due to reactance in the conductors, in the relay k2 (Fig. 4) , and in the switches Si and S2. The voltages are adjusted in response to EMF El measured by the DLA while it is connected into the potentiometer circuit by relay k4 (Fig. 3) . The adjustment AV is computed using an adaptation of (2) data-10, 0, 108, 117, 112, 4, 112- and these data are also printed on a TTY under appropriate columns. These figures are, from left to right, the frequency in kHz, the ac-dc difference correction (in ppm) to the standard TVC (computed from an equation which was devised to simulate the correction curve for the standard in use), the three values of ac-dc difference, the standard deviation of the three, and the average of the three with the standard TVC correction applied. If the standard deviation is larger than 10 ppm, additional determinations are made. When one range is completed, parameters for the next range are requested at the next line (Fig. 5) and entered on the last line. If only one frequency is to be used, the last entry on the line is 0.
OTHER MEASUREMENTS

Measurements of n
Measurements of n are made automatically by connecting a TVC to the AC-DC 1 terminal and entering into the CRT the lowest and highest voltage to be applied. Tests are usually made on a 100-V range at 10-V intervals from 60 to 100 V; however, this can be varied. Data obtained on one range of a multirange TVC are usable on any range if the values of n are correctly related to output EMF of the TE. At each voltage level the TVC output E is measured, and the potentiometer is nearly balanced. However, a small imbalance is deliberately programmed into the routine to obtain a negative DLA reading. The input voltage is then increased by a 0.1 -V step so that a positive reading is obtained and then reduced by the same step for a repeat of the negative reading. This procedure is repeated three more times and four values of AE are computed. The average of the four is used as AE, and A V/V is computed with AV = 0.1. A value of n is thus computed at each voltage level using (3) and printed on the TTY along with the voltage, EMF, and the DLA readings. The values of n are plotted, a straight line is fitted to the upper two-thirds of the curve, and the parameters of that line are stored in the computer. Values of n can then be approximated by the computer with sufficient accuracy by evaluating the straight-line equation of any value of E.
In an alternative procedure, a certain percentage change in TE heater current is introduced by connecting a resistor in series with a TvC and alternately opening and closing a relay which short circuits the resistor. A 40-Q resistor is shorted to introduce a 0. 1 -percent change at any voltage level in a 40-kQ 200-V TVC. This procedure can be used after merging thirteen substitute lines into the software described above.
Comparison and AC and DC Voltages AC and DC voltages may be compared by connecting the ac voltage to the AC terminals (Fig. 4) , with switch S, in the center or OFF position and an appropriate TVC at AC-DC 1. AC and the two polarities of dc voltage are connected to the TVC by relays k1 and k2. The EM F E of the TVC is measured, and the potentiometer is balanced. Changes in the imbalance EMF in the potentiometer circuit are computed from DLA readings, and the difference between the ac and dc voltage is computed using equation (1), but with the TVC correction b applied. A dc calibrator may be connected to the DC terminals (Fig. 4) (Fig. 4) are identical to equalize the voltage drop between these terminals and the comparison points at relay k2. These cables can be seen on the left rear table on the photograph of the console (Fig. 1 ).
CONCLUSION
A thermoelement comparator has been developed with a self balancing potentiometer and a divider, and it has been integrated into an automatic calibration system for measurements of the ac+dc difference of a TVC relative to a similar standard instrument. The potentiometer is also used in automatic measurements of the n characteristic of thermoelements and ac-dc voltage comparisons. The system requires an operator to make the electrical connections and to select the ranges, as few if any TVC's have provisions for automatic range selection. The operator also enters the test parameters at a computer terminal (see last two lines, Fig. 5 ). The system proceeds automatically beyond that point; however, it will stop at a number of points if instability or other conditions prevent a DLA reading or a balancing operation with a specified time.
More expert maintenance is required than for manual systems, but data transcription errors are very unlikely and data storage for further reduction, pooling, analysis, and automatic test report generation is feasible. As presently written, the software accommodates input instructions for only one or two test frequencies; however, provisions could be made for a table of frequencies if a comprehensive scan were required.
The system saves time in the preliminary balances, frequency changes, and in data processing. However, due to the settling time required for the thermoelements in the TVC's, it proceeds at about the same rate as manual operations when ac and dc voltages are being alternately applied to the instruments. A major advantage is that the operator is largely relieved of a task that is probably more tedious and fatiguing than those of most other types of calibrations. large temperature gradients in the heater when its mean temperature is raised by the passage of a current.
The design of the earlier converter was such that the ac/dc transfer difference caused by the Thomson and Peltier properties of its heater was insignificant [1], [2] . It also enabled conditions to be established so that the output voltage of a converter could be made nearly proportional to the square of the heater current, which is an essential characteristic when the frequency of the alternating current is such that the direct output voltage has an appreciable double frequency ripple [ 1], [2] . The design, nevertheless, had certain disadvantages in that:
1) The response characteristic of the converter was dependent on the thickness of the copper deposited on the constantan helix, the thermal impedance between the thermocouples and the heat sink, and the pressure of the residual gas within the housing. If these combined parameters were not initiallv arranged to make the output volt-0018-9456/80/1200-0409$00.75 © 1980 IEEE
